Members of the NOD-like receptor (NLR) family mediate the innate immune response to a wide range of pathogens, tissue damage and other cellular stresses. They achieve modulation of these signals by forming oligomeric signaling platforms, which in analogy to the apoptosome are predicted to adopt a defined oligomeric architecture and will here be referred to as NLR oligomers. Once formed, oligomers of the NLR proteins NLRP3 or NLRC4 "recruit" the adaptor protein ASC and the effector caspase-1, whereby NLRC4 can also directly interact with caspase-1. This results in large multi-protein assemblies, termed inflammasomes. Ultimately, the formation of these inflammasomes leads to the activation of caspase-1, which then processes the cytokines IL-1β and IL-18 triggering the immune response. Here we review new insights into NLR structure and implications on NLR oligomer formation as well as the nature of multi-protein inflammasomes. Of note, so dubbed "canonical inflammasomes" [1] can also be triggered by the NLR NLRP1b and the non-NLR protein AIM2, however the most detailed mechanistic information at hand pertains to NLRC4 while NLRP3 represents the quintessential inflammasome trigger. Thus these two NLRs are mainly used as examples in this article.
Introduction
In humans the NLR protein family comprises 22 members [2] [3] [4] , which are capable of sensing a plethora of pathogen-or damage-associated molecular patterns (DAMPs or PAMPs) [1, 5, 6] . Sensing these patterns ultimately leads to the oligomerization of initially auto-inhibited monomeric NLRs to form defined NLR oligomers [7] (Figure 1a ). Of note, we specifically use the term "NLR oligomer" in the following, since commonly the term inflammasome refers to large multi protein assemblies also containing ASC and caspase-1 next to NLRs. This is as such different from "apoptosomes" (see below), which commonly refer to the oligomeric form of the NLR relative Apaf-1 and its homologues such as CED4 [8, 9] . Importantly, once formed, these NLR oligomers recruit or seed ASC and caspase-1 [10, 11] and as such represent the key regulatory trigger of inflammasome formation. The term (canonical) inflammasome commonly refers to multi-protein assemblies formed by the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC) and effector caspase-1 and the NLRs NLRP3 and NLRC4 as well as NLRP1b and the non-NLR protein AIM2 [1] . Hereby the NLR NLRC4 can also directly interact with and activate caspase-1, yet ASC leads to a stark amplification of this signal, which is outlined in later part of the manuscript.
In any case, NLR oligomerization is the key factor in triggering inflammasome formation. NLR oligomerization however is dependent on the transition of a monomeric NLR to an architecturally defined NLR oligomer. Thus, obtaining structural and mechanistic insight into this event is arguably the most crucial point to understand the regulation of inflammasome formation and for example to depict structural features for drug development leveraging this transition to combat aberrant inflammasome signaling in disease.
Although no high-resolution structure is available for such an NLR oligomer, a defined ringlike structure can be implied for NLR inflammasomes based on homologies to a closely related oligomer, the apoptosome [8, 9, 12, 13] . In analogy to the apoptosome the NLR monomer-to-oligomer transition is strictly dependent on a conformational change of the monomeric NLR [14] [15] [16] [17] . This change occurs when the NLR senses PAMPs or DAMPs leading to an opening of the NLR that includes the reorientation of multiple domains and subsequently allows the NLR to oligomerize [1] . The recent structure of a monomeric NLR, NLRC4 [15] allowed the first detailed insights into NLR regulatory features as well as their implications on NLR oligomerization and is therefore at the heart of this review. The nature of the subsequent larger multi-protein inflammasome assemblies is less clear and will be discussed in the end of this review.
NLR domain organization
The ability of NLRs to translate pathogen and danger signals into conformational changes and oligomerization and thus inflammasome formation lies in the unique domain architecture of NLRs [1] . While exceptions exist, the common architecture is exemplified by the inflammasome forming NLRs NLRP3 and NLRC4 (Figure 1b) . NLRs commonly possess a pyrin domain (PYD) or caspase activation and recruitment domain (CARD) -both are members of the death domain superfamily -in their N-terminal regions (Figure 1b ). This domain is followed by a nucleotide binding and oligomerization domain (NOD). The NOD is highly similar to the NB-ARC domain of Apaf-1 proteins and is the defining hallmark of NLRs, making them members of the STAND clan of the "extended ATPase associated with diverse cellular activities" (AAA+) superfamily [18, 19] . The NOD is also often referred to as NACHT domain based on proteins sharing this domain (NAIP, CIITA, HET-E and TP1) [2] . The NOD itself consists of an ATPase nucleotide binding domain (NBD), a helical domain (HD1) and a winged helix domain (WHD). C-terminal to the NOD resides helical domain 2 (HD2), followed by a leucine-rich repeat (LRR) domain. Functionally, the LRR domain is responsible for sensing PAMPs or DAMPs, while the NOD mediates NLR oligomerization. Upon oligomerization, the N-terminal PYD (NLRP3) or CARD (NLRC4) domains seed inflammasomes via the PYD/CARD domains of ASC and caspase-1 [1] .
Auto-inhibited NLRC4 -the first insight into an NLR at atomic resolution
Over more than a decade, the structural information available on NLR proteins was in essence restricted to constructs only containing one or two domains and importantly lacking the NOD [7, 20] . However recently, a major breakthrough in understanding the detailed architecture of an NLR and implications on NLR inflammasome regulation was provided by the crystal structure of monomeric mouse NLRC4 [15] . Chai and co-workers solved the 3.2Å structure of NLRC4, covering the entire NLR with the exception of the N-terminal CARD domain. The structure shows that, like Apaf-1 [14, 17] , monomeric NLRC4 exists in an autoinhibited/closed form with a bound ADP molecule residing in the center of the closed NOD domain (Figure 2a ). The sensory LRR domain further "locks" the closed form by spatially bridging NBD and HD2. Thus, the NLR monomer [15] appears overall analogous to the Apaf-1 monomer [14, 17] (Figure 2a) , however a closer look reveals that NLRC4 does exhibit marked distinctions that may have specifically evolved as adaption to the regulation of inflammatory responses and might be shared amongst NLRs.
Topology of a closed NLR: The winged helix domain and HD2
While the principle of autoinhibition in NLRC4 is similar to that of Apaf-1 the overall domain arrangement is different [14, 15, 17] (Figure 2a) . As in the NB-ARC domain of Apaf-1, the NOD of NLRC4 contains a winged helix domain (Figures 1 and 2 ). This domain is central to the auto-inhibited conformation of both NLRC4 and Apaf-1 where it utilizes a crucial histidine residue (His443 in NLRC4) to directly coordinate the β-phosphate of the bound ADP molecule ( Figure 2b ). As in Apaf-1, this interaction positions the winged helix domain proximal to the NBD (Figure 2a ). However, in NLRC4 the orientation of the WHD is markedly changed and the WHD even adopts a different tertiary fold/shape than that of its NB-ARC relative ( Figure 2b ). In consequence, HD2, which also adopts a different fold (Figure 2c ), is significantly repositioned to interact with the sensory LRR domain ( Figure  2a ). Thus, these changes represent most likely an inherent adaption of NLRs to position the LRR region as a lock in the absence of a suitable trigger, but also as a sensor to relieve this lock when pathogen and danger related signals are present. The actual sensing of these signals by the LRRs, and NLR opening and oligomerization are structurally still elusive. However as mentioned before, hints on the oligomeric NLR arrangement can be drawn from structures of apoptosomes [8, 9, 13] . These structurally well-defined architectural oligomers are formed by two ring arrangements in which the NBD domains of each protein form one central ring and the HD1 domains form a characteristic second with the WHD domains of the ring neighbor (see also Figure 4b ). Thus, the deviations in the WHD shape observed for NLRC4 hints also to distinct differences in the shape of NLR inflammasomes.
NLR(C4) opening -the LRR lock and the phospho-serine 533 conundrum
As outlined, events leading to the opening of an NLR and inflammasome formation remain to be structurally explored further. However, the NLRC4 monomer already bears a conundrum in this regard. The HD2-LRR interaction, which locks the closed structure, is centered around a phosphorylated serine (Ser533) on HD2 (Figure 3a ). Yet, elegant previous work identified the phosphorylation of NLRC4 Ser533 as a key event to foster caspase-1 activation in response to Salmonella Typhimurium infection [21] . This is therefore at odds with the stabilizing function of phospho-Ser533 in auto-inhibited NLRC4. Closer inspection of the interaction pattern surrounding phospho-serine 533 reveals that the closest coordinating residue is a histidine (His693) from the LRR (Figure 3a) . Intriguingly, His693 is in turn coordinated by the neighboring Glu720, resulting in an arrangement that is reminiscent of His-Asp arrangements found in catalytic triads. Thus, much like a titration of a histidine-dependent enzyme, a change in the protonation state of His693 could alter the interaction between the LRR and the phospho-moiety on HD2 and propagate opening of the LRR, offering a possible solution to the conundrum.
An additional spin on LRR domain interactions within NLRs comes from the structure of NLRX1 [22] . Here, Wilson and colleagues revealed that the LRR region from NLRX1 has an additional helical bundle C-terminal to the LRR (LRRCT). LRRCT packs against the inside of the LRR in a similar position to HD2 of NLRC4 (Figure 3b ). In this case the LRR cannot partake in autoinhibition and allows for an oligomeric arrangement of the NLRX1 fragment used in this study. This summarizes the complexity of LRR interactions. The actual sensing of PAMPs and DAMPs is structurally even less understood and undoubtedly will bear new unexpected mechanisms. As a final layer of complexity so called mixed or combinatorial NLR oligomers have also been described, most notably of NLRC4 and NAIP (Neuronal Apoptosis Inhibitory Protein) proteins [23, 24] and future high resolution insight into these arrangements may reveal further intriguing features underlying NLR signaling.
Inflammasomes -NLR/ASC/Caspase-1 platforms
In any case, activation and oligomerization of inflammasome-triggering NLRs such as NLRP3 or NLRC4 naturally lead to the oligomerization of their N-terminal PYD/CARD domains (Figure 4b ). This oligomerization in turn leads to recruitment of other PYD/CARD containing proteins via homotypical interactions. This means that the PYD of NLRP3 recruits the PYD of ASC, which in turn via its CARD recruits caspase-1 CARD (Figure 1b) . NLRC4 contains a CARD and can in principle directly recruit caspase-1 [25, 26] . Yet, a line of studies [25, [27] [28] [29] have observed that NLRC4 signaling can be significantly more efficient in the presence of ASC which has led to the "bridge model". In this model NLRC4 CARD recruits ASC CARD, which in turn interacts via its PYD with another PYD of ASC, whose CARD then recruits caspase-1. However, mechanistically the use of the terms "recruits and interacts" is merely descriptive, since inflammasome formation deviates from a classical simple 1:1 complex formation between individual PYD or CARD domains -no single K D of these extraordinarily weak and complex interactions has been reported. It seems that the process is better viewed as a set of nucleation events which ultimately lead to the formation of a structurally rather heterogeneous signaling particle [10, 11] (Figure 4b/c) .
Thus, inflammasome formation occurs through an interactive agglomeration of the PYD or CARD domains of the NLR, ASC and even the effector caspase-1 [10, 28] (Figure 4c ). ASC is frequently considered the central mediator for inflammasome assembly [10, 28] . It was initially found to form dot like perinuclear "specks" upon over-expression which are visible by light microscopy [28, 30] . However, the exact architecture of these "specks" and of endogenous NLR/ASC/caspase-1 inflammasomes is elusive. As outlined ASC specks are most commonly punctuate [28, 30, 31] . However, recent studies using overexpression and reconstitution approaches have described highly ordered elongated filamentous arrangements built through helical assemblies of globular ASC domains which are initially seeded by NLR oligomers [32] and have been discussed elsewhere [11] . These ASC filaments are very appealing due to their striking order and their immediate reminiscence to filamentous scaffolding assemblies such as the actin or tubulin cytoskeleton fibers. However, although this study contains several technically very elegant experiments, at this point, it is not entirely clear if/how such highly structured filamentous arrangements relate to functional inflammasomes in the cell.
A main point for caution in this context is that proteins can have tendencies to self-assemble upon overexpression, under in vitro and reconstitution settings or when expressed as fragments of their full-length protein. In fact the formation of protein crystals is one example of a highly ordered multi-dimensional self-assembly. Filaments constitute another example, resulting from a one-dimensional periodic assembly. In the case of ASC for instance it was originally observed that its PYD forms filaments when overexpressed [33] , however the fulllength protein forms distinct "specks" within cells [28, 30] .
Of note, it has to be emphasized that bona fide "fibrous arrangements" of inflammasome components indeed could result from the decoration of existing linear or fibrous elements in the cell. The non-NLR protein AIM2 [1] for example binds with its HIN200 domain to DNA and thus a linear polymeric entity, which could result in linear/fibrous arrangements of AIM2/inflammasomes. Another possibility is that PYD or CARD domains of inflammasome components interact with cellular fibers analogous to other death domains, where for example death effector domains were observed to decorate tubular structures [34] .
In any case, despite these concerns, information derived from re-constituted ordered assemblies as well as from crystal structures, including packing of CARD and PYD domains within crystals or filaments, can be of key relevance in disclosing near range interfaces used in actual natural inflammasome particles.
A final layer of complexity -"instability" of CARD and PYD domains
Death domains, including CARD and PYD domains, are often regarded as stable globular entities adopting a strictly defined fold built by six helices in Greek key topology [35] . However at least groups of these domains appear to be prone to conformational instability. Due to the technical challenges inherent to this phenomenon most evidence for this is circumstantial, however undoubtedly present. One clear clue in this regard was provided by the Clark laboratory while investigating the conformational stability of caspase-1 CARD, which the study found to be "marginally stable" [36] . Also an intriguing observation is that structures of ASC, ICEBERG CARD and NLRP3 PYD (Figure 3c ) [37] [38] [39] [40] could only be obtained at low pH (ASC full-length: pH3.8 ASC PYD: pH3.7; ICEBERG CARD: pH3.8; NLRP3 PYD: pH4.6) which was also used to stabilize the first (globular) death domain structure, the Fas death domain (pH4) [41] . Finally, some NLR CARD/PYD crystal structures show an opening of the death domain in the region of helix 6, resulting in domain swaps (NOD1 CARD) [42, 43] or a helix 5 and 6 fusion (NLRP14 PYD) [44] (analogs depicted in Figure 3d ).
Thus, it is possible that additional to interactions between globular PYD and CARD domains, conformational changes of helix 6 or other re-arrangements may be integral to inflammasomes. This phenomenon may in fact have contributed to recent observations that attribute a "prionlike" behavior to inflammasome components [45] .
Outlook
While the exact structure of these inflammasomes at atomic resolution remains at least in part enigmatic, exciting studies have provided a glimpse on endogenous inflammasomes. Bogyo and colleagues have used fluorescent activity based probes to visualize active caspase-1 as inflammasome indicator, which clearly show punctuate speck-like particles [46, 47] . In an alternative approach, Akira and colleagues used a proximity ligation assay (PLA) based system to detect associating NLRP3 and ASC and probe for endogenous inflammasomes using super-resolution structured illumination microscopy [48, 49] . This resulted in the striking images of endogenous speck-like NLRP3 inflammasomes displayed in Figure 4d . Additionally, during the last stages of the preparation of this article a study was published by Bryant and colleagues which shows amongst other findings circular/spherical arrangements of ASC surrounding caspase-1 molecules in speck-like bodies, which also contain ASC protrusions [50] .
In summary, recent research has provided exciting new insights into mechanisms underlying NLR-and inflammasome signaling. Undoubtedly, the complex nature of NLR inflammasomes and large multi-protein inflammasome particles will require further multi disciplinary investigation and will result in exciting new findings in the future. [40] ), ASC full length (PDBid: 2KN6 [37] ) and ICEBERG (PDBid: 1DGN [39] ; CARD-only relative of caspase-1 CARD for which no structure is available) as indicated. D. Possible conformational flexibility in the death domain fold -"Open conformations". NLRP14 PYD (grey, PDBid: 4N1J [44] ), NOD1 CARD (magenta, from a domain swapped dimer in the crystal structure; PDBid: 2NZ7 [43] ). Two examples for death domains showing an open conformation due to a helix-5/helix-6 fusion captured in non-swapped crystal structures (grey: MALT1 death domain (DD), PDBid: 2G7R; orange: Fas DD, PDBid 3EZQ [51] ). Helix 6 is indicated in red. For NOD1 CARD and Fas DD the closed forms are also displayed (analogous color code, PDBids: 2B1W [52] and 1DDF [41] , respectively); no structures of closed NLRP14 PYD, MALT1 DD exist. Figure 1b . The oligomer is formed through a ring-like interaction of neighboring NBD domains and a secondary ring formed by HD1 and WHD interactions (six molecules are displayed, yet the exact number of molecules in the oligomers is not unambiguously known -numbers of 5-11 have been proposed for NLR oligomers [23, 53] ). The NLRP3 PYD is oligomerized and poised to "recruit and seed" ASC and caspase-1 molecules (dark green: ASC PYD, light blue: ASC CARD, dark blue: Caspase-1 CARD with catalytic domain indicated in brown). C. Schematic of the NLRP3/ASC/caspase-1 inflammasome. The NLR oligomers have seeded an ASC/Caspase-1 network that is structurally formed through both PYD and CARD interactions leading to the formation of a large multi-protein particle. Illustrated is a potentially heterogeneous nature of the particle that resembles more a signaling entity than a highly defined structural entity. Ultimately caspase-1 catalytic domains are brought into close proximity leading to their activation (illustrated by a yellow star). D. Endogenous NLRP3/ASC inflammasomes. Image depicting endogenous inflammasomes (red) reproduced with generous permission from Akira et al. [49] (Copyright 2013 John Wiley & Sons Ltd). As outlined in Akira et al. [49] , the image depicts the assembly of ASC and NLRP3 on microtubules after stimulation with nigericin. Mouse bone marrow-derived macrophages were stimulated with nigericin and fixed. Samples were subjected to proximity ligation assay followed by fluorescence staining with Alexa488-labelled anti-α-tubulin antibody (green) and Hoechst dye (DNA, blue). Endogenous proximity of NLRP3 with ASC (red) on microtubules was observed by super resolution structured illumination microscopy. Highlights: We discuss recent advances in understanding inflammasome formation and regulation. We compare the recent structure of NLRC4 to Apaf-1 and apoptosomes. NLRC4 autoinhibition and NLR oligomerization are discussed. The nature of NLRC4-and NLRP3/ASC/Caspase-1 inflammasome assemblies is discussed. We discuss role and nature of PYD and CARD domains in inflammasomes.
